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ABSTRACT 


An  investigation  of  unipolar  arcing  in  various  conductors  and  sur¬ 
face  preparations  was  undertaken.  A  discussion  on  the  production  of 
"glassy"  surfaces  on  various  metals,  and  their  susceptability  to  uni¬ 
polar  arcing  is  also  presented. 

All  experiments  were  conducted  using  a  neodymium  glass  laser  in  a 
Q-svitched  mode  to  generate  a  hot  plasma.  Results  show  that  stainless 
steel  and  mild  commercial  steel  arc  very  heavily,  in  agreement  with 
past  researchers,  while  titanium  undergoes  arcing  at  a  lesser  crater 
density  but  over  a  greater  surface  area,  HI  130  undergoes  arcing  at  a 
low  crater  density,  and  a  commercially  prepared  metallic  glass  ^e^B^ 
and  Poco  graphite  not  at  all. 

Experiments  were  conducted  in  attempt  to  produce  metallic  glass 
coatings  on  stainless  steel,  HI  130,  and  mild  commercial  steel  (1030). 
Coatings  produced  were  exposed  to  a  laser  produced  plasma  and  arcing 
was  found  to  be  present  in  all  cases  but  at  a  lower  arc  density.  In 
conjunction  with  attempts  to  produce  metallic  glass  surface  coatings  on 
metals,  an  experiment  was  done  to  determine  the  energy  density  required 
for  the  onset  of  plasma  production  in  type  304  stainless  steel. 
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I.  INTRODUCTION 

The  study  of  the  interaction  of  a  hot  plasma  with  material  surfaces 
is  becoming  increasingly  important.  If  magnetically-confined  fusion 
plasmas  are  ever  to  be  used  in  the  production  of  electrical  power, 
plasma-surface  interaction  difficulties  are  going  to  nave  to  be  solved. 
Two  major  problems  are  apparent,  first  that  the  inner  or  first  wall  of 
the  fusion  reactor  vessel  can  be  damaged  by  the  plasma  and  its  reaction 
products,  and  second,  the  introduction  by  plasma-wall  interactions  of 
high  Z  particles  into  the  plasma,  which  in  turn  will  cool  the  plasma 
through  Qremsstrahlung  losses,  to  a  point  where  fusion  can  no  longer 
be  sustained. 

Three  major  damage  mechanisms  have  been  noted  for  a  hot  plasma  in 
contact  with  a  material  surface.  First,  evaporation  of  the  surface 
material,  pririarily  due  to  the  absorption  of  radiant  heat  from  the 
plasma.  This  phenomenon  can  be  accurately  predicted  knowing  the  wall 
composition,  equilibrium  vapor  pressure  for  the  material,  and  surface 
temperature.  Second,  sputtering  by  D,  T,  He  ions  or  neutrals.  When 
any  of  these  strike  an  atom  of  the  first  wall,  a  collision  cascade  of 
lattice  atoms  is  produced  and  sputtering  results  [Ref.  1].  Third,  and 
most  importantly,  is  the  phenomenon  of  unipolar  arcing,  which  can 
occur  when  a  hot  plasma  and  a  conducting  inner  wall  are  in  contact. 

An  electrical  arc  is  established  between  the  wall  and  the  plasma,  with 
the  plasma  acting  as  both  the  anode  and  the  cathode. 
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Unipolar  arcing  has  been  observed  in  DITE  and  Russian  Tokamaks  [Ref.  2], 
and  recently  in  PLT,  ISI,  Macro tor,  and  Pulsator  Tokanaks  [Ref.  3], 
with  erosion  due  to  unipolar  arcing  at  least  two  orders  of  magnitude 
greater  than  that  caused  by  sputtering. 

Also  of  note  is  the  determination  of  the  importance  of  plasma 
surface  interactions  in  targets  of  high  energy  laser  weapons  systems. 

As  noted  by  Ryan  and  Shedd  [Ref.  4],  plasmas surface  interactions  could 
be  more  damaging  to  the  target  than  direct  laser  surface  interaction 
carnage  mechanisms,  with  unipolar  arcing  being  the  predominant  mechanism 
of  energy  transfer  from  the  plasma  to  the  target  surface.  If  this  is 
the  case,  it  becomes  important  to  study  the  arcing  mechanism,  and  dis¬ 
cover  materials  and  surface  preparations  that  are  resistant  to  unipolar 
arcing;  thus  minimizing  the  effect  of  an  enemy's  laser  weapons. 

Similar  to  Ryan  and  Shedd' s  study,  the  emphasis  of  the  3tuay  re¬ 
ported  by  this  thesis  is  the  determination  of  the  unipolar  arcing  sus- 
ceptability  of  various  metals,  metallic  glasses  and  Poco  graphite  with 
a  variety  of  surface  preparations  or  surface  hardening  methods  employed. 
The  samples  investigated  were  stainless  steel  type  304  with  polished 
and  sandblasted  preparations,  stainless  steel  type  316,  a  mild  commercial 
steel  type  1030,  titanium,  sandblasted  copper,  Poco  graphite,  HI  130 
steel,  and  a  metallic  glass  ?e3Q320*  "Laaer  glazed"  surfaces  were  also 
prepared  on  both  stainless  steel  types,  on  KI  130,  and  on  the  1030 
steel,  and  their  acceptability  to  arcing  and  their  structure  were 
investigated. 


II.  BACKGROUND 


A.  UNIPOLAR  ARC  PROBLEM 

The  problem  of  effects  produced  by  plasma-surface  interactions  has 
been  of  interest  since  the  beginning  of  controlled  fusion  programs. 
Interest  in  unipolar  arcing  has  increased  in  the  past  few  years,  as  a 
result  of  reports  of  unipolar  arcing  in  the  DITE  Tokamak  [Ref.  2],  the 
PLT,  ISX,  Macrotor,  and  Pulsator  Tokamaks  [Ref.  3].  Unipolar  arc 
damage  has  been  found  on  test  probes,  limiters,  and  on  the  first  wall 
in  these  fusion  test  machines,  and  has  been  shown  to  be  the  dominant 
damage  mechanism. 

'.Aiil a  not  of  a  structural  concern,  because  of  the  small  amount  of 
surface  material  removed  during  the  arcing  process;  unipolar  arcs, 
due  to  their  large  numbers,  are  the  primary  source  of  high  Z  impurities 
in  the  fusion  plasma.  'When  the  amount  of  these  high  Z  impurities  ex¬ 
ceeds  a  certain  level,  energy  losses  due  to  radiation  become  so  great 
that  the  plasma  is  cooled  below  fusion  temperature.  With  this  in  mind, 
it  is  evident  that  control  of  the  unipolar  arc  problem  is  vital  to  the 
ultimate  fruition  of  controlled  fusion  programs.  Current  studies,  like 
those  here  at  the  Naval  Postgraduate  School,  are  aimed  at  discovering 
structural  materials  and  methods  of  surface  preparation  that  inhibit 
unipolar  arcing. 


3.  UNIPOLAR  ARC  MODEL 


The  model  described  in  this  thesis  is  the  one  proposed  by  F. 
Schwirske  and  R.  Taylor  in  1978.  A  thorough  treatment  and  discussion 
of  all  current  unipolar  arc  models;  and  the  initiation  and  cessation  of 
unipolar  arcing  can  be  found  in  Ryan  and  Shedd* s  thesis,  entitled  A 
Study  of  the  Unipolar  Arcing  Damage  Mechanism  on  Selected  Conductors 
and  Semiconductors. 

The  condition  of  quasi-neutrality  in  a  plasma  leads  to  the  formation 
of  a  sheath  potential  whenever  a  plasma  comes  into  contact  with  a  wall. 
The  width  of  the  sheath  is  approximately  that  of  a  Debye  length  (A^) 
and  is  given  by: 

=  (kTgAmge2)^ 

while  the  plasma  assumes  a  sheath  potential  with  respect  to  the  wall  of 
[Ref.  5]s 

Vf  =  (kT/2e)  In  (Mi/2isMe) 

where: 

k  =  Boltzmann  Constant 

Tg  =  Electron  Temperature 

ng  =  Electron  density 

=  Ion  Mass 

M„  =  Electron  Mass 
e 

e  =  Electron  Charge 


and  the  electrical  field  in  the  sheath  is  the  order  of  [Ref.  5]: 
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Unipolar  arcing  occurs,  with  the  plasma  acting  as  both  cathode  and 
anode,  if  the  electric  field  strength  in  the  potential  becomes  high 
enough  to  ignite  and  sustain  an  arc.  Electrons  are  then  emitted  from 
a  cathode  surface  spot  on  the  wall  into  the  plasma*  This  serves  to 
reduce  the  nearby  plasma  potential  and  less  energetic  electrons  in  the 
plasma  can  now  reach  the  wall,  thus  closing  the  current  loop.  For 
this  model,  x  requirement  for  arcing  is  an  ion  density  increase  over 
the  cathode  spot.  The  ion  density  can  increase  due  to  ionization  of 
neutral  atoms  released  from  a  hot  cathode  spot  [Ref.  5]. 

A  number  of  mechanisms  exist  that  can  lead  to  production  of  a  hot 
spot,  including  surface  protrusions  and  inclusions  in  the  wall  which 
produce  localized  electrical  field  enhancement.  This  enhancement  will 
lead  to  increases  in  the  ion  flux  rate  from  the  plasma  to  the  cathode 
spots  which  produce  localized  heating  due  to  ion  bombardment  and  re¬ 
combination,  and  evaporation  of  a  wall  metal  as  well  as  desorption  of 
gases  and  vaporization  of  oil  films  which  enter  the  plasma.  A  fraction 
of  these  neutrals  'will  be  ionised,  then  accelerated  by  the  sheath 
potential  and  fall  back  onto  the  cathode  spot.  This  serves  to  in¬ 
crease  the  ion  bombardment  rate,  acting  as  a  feedback  mechanism  to 
further  spot  heating  and  evaporation  and  to  increase  the  electron 
emission  from  the  hot  cathode  spot.  Sheath  width  is  subsequently 
reduced  while  the  electric  field  increases  due  to  increases  in  local 
plasmas  density  and  pressure  [Ref.  53. 

The  locally  increased  plasma  pressure  above  the  cathode  spot  serves 
to  produce  a  radial  electric  field  (3„)  tangential  to  the  surface 
where  3w  is  given  by  [Ref,  5]: 
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;r  =  -(kT/e)(l/n)(dn/dr) 


This  field  acts  to  reduce  the  potential  in  a  ringlike  area  about  the 
cathode  spot.  The  lowered  sheath  potential  allows  more  electrons  to 
reach  the  surface,  thus  closing  the  unipolar  arc  current  loop.  A 
diagram  of  this  model  is  seen  in  figure  1. 

3.  METALLIC  GLASSES 

All  metals  found  in  everyday  use  exist  in  the  crystalline  state, 
rather  than  an  amorphous  one,  because  the  cyrstalllne  structure  always 
has  a  larger  binding  energy.  For  a  metal  to  form  an  amorphous  state, 
it  must  be  cooled  to  a  temperature  threshold  called  the  glass  temperature. 
Unfortunately,  the  glass  temperature  is  always  well  below  the  freezing 
point  of  the  metal  where  crystallization  begins.  Thus,  when  the 
liquid  is  cooled,  it  crystallizes  long  before  the  glass  has  a  chance 
to  form  [Ref. 6], 

Amorphous  metallic  structures  can  be  created  by  cooling  a  liquid 
metal  rapidly  through  the  liquidus  temperature  to  below  the  glass 
temperature.  If  the  cooling  rate  is  rapid  enough,  no  time  will  be 
available  for  the  formation  and  growth  of  nucleation  centers.  Quenching 
rates  required  for  production  of  metallic  glasses  are  on  the  order  of 
10^  °C/sec  for  most  alloys. 

The  primary  method  used  to  obtain  these  quench  rates  is  the  one 
employed  in  the  production  of  the  first  metallic  glass,  and  is  called 
melt  spinning.  Molten  metal  is  sprayed  onto  a  rapidly  rotating  metal 
disc  which  is  held  at  room  temperature.  The  liquid  is  thereby  drawn 
into  a  thin  ribbon  about  three  to  five  microns  in  thickness. 
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Unipolar  urc .model 


The  thin  metal  ribbon,  being  in  contact  with  a  relatively  massive  heat 
sink,  solidifies  at  an  extremely  rapid  rate  with  quenching  rates 
exceeding  10 ^  0 C/sec. 

Metallic  glasses  have  similar  properties  to  that  of  the  crystalline 
alloy.  Two  properties  are  different  and  may  play  a  role  in  the  re¬ 
sistivity  towards  unipolar  arcing  displayed  by  metallic  glasses.  One, 
there  are  no  grain  boundaries  in  the  amorphous  alloy,  and  it  is  this 
property  that  makes  metallic  glasses  corrosion  resistant.  Two,  the 
electrical  resistivity  in  metallic  glasses,  while  low,  usually  is  an 
order  of  magnitude  above  the  resistivity  of  the  crystalline  alloy; 
though  it  is  about  one  half  the  value  of  the  liquid  [Ref.  7]. 

D.  LASER  MATERIAL  PROCESSING 

The  physics  of  laser-surface  interactions  is  quite  complex  and 
shall  be  discussed  only  generally.  The  results  of  laser-surface  inter¬ 
actions  are  sometimes  quite  novel  and  interesting,  and  a  number  of 
these  results  shall  be  discussed. 

1.  Laser-Target  Interaction 

The  process  of  laser-target  interaction,  whether  the  interaction 
takes  place  in  a  vacuum  or  at  atmospheric  pressure,  follows  these 
3teps  [Ref.  3]: 

a.  Absorption  of  electromagnetic  radiation  within  a  skin  depth 

b.  Heating  and  vaporization  of  surface 

c.  Electrical  breakdown  in  vapor,  plasma  production 

d.  Expansion  of  plasma 

e.  Generation  of  plasma  3hock  waves 

f.  Momentum  transfer  to  target  from  moving  plasma 
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Generation  of  shock  wave  (stress-wave)  in  target 


h.  Late  bum  off  of  material  by  the  hot  plasma 

i.  Dissipation 

The  initial  radiation  falls  on  the  target  surface  and  interacts 
with  the  conduction  band  electrons  in  the  skin  depth.  These  electrons 
respond  collectively  to  the  field  and  the  energy  absorbed  through  free- 
free  transitions  or  electron  collisions  with  imperfections.  The  skin 
depth  is  a  function  of  the  wavelength  of  the  incident  radiation  (wave¬ 
length  A.),  the  plasma  frequency  for  the  conduction  band  electrons 
(up),  refractive  index  (k),  and  electron  collision  time  (7*).  The 
skin  depth,/  ,  is  given  by: 

s  -  i  rm 

4*k(u,up,  T)  *  z  u  0 

where: 

9  =  density 

u  =  permeability  of  the  material 

V  -  radiation  frequency 

For  304  stainless,  the  skin  depth  of  1.06pm  radiation  is  approximately 
260  angstroms. 

As  the  radiation  is  absorbed  and  surface  temperatures  in  the 
focal  spot  start  to  rise,  a  decrease  in  the  reflectivity  occurs,  en¬ 
abling  further  radiation  to  be  absorbed  till  melting  and  then  vapori¬ 
zation  of  the  surface  is  achieved,  with  an  evaporation  rate  given  by: 

R  »  exp(-w/kT) 

£ 

where: 


w  =  Binding  energy 
k  =  3oltzmann  constant 
T  =  Temperature 

Ionization  of  the  vaporized  material  is  approximately  one  percent  (1*) 
according  to  the  SAHA  equation  [Ref,  3]: 

2/  ~y 

a  =  ./WT  *  (  (kT;  /-Fa  )  *  (2nm  /h)  *  exp  (-eV4/kT) 

i  n  ©  — 

and  P^  are  partition  functions  for  the  ions  and  neutrals. 

Absorption  of  the  laser  radiation  in  this  gas  proceeds  via 
inverse  Bremsstrahlung.  As  evaporation  proceeds  and  gas  breakdown 
occurs,  a  well  developed  plasma  profile  develops,  and  laser  radiation 
may  be  entirely  cut  off  from  the  surface.  The  plasma  plume  expansion 
rate  is  about  10  m/sec  and  the  target  material  now  starts  to  ablate 
due  to  plasmar-surface  interactions. 

The  radiation  pressure  of  the  incident  laser  pulse  and  the 
pressure  and  shock  caused  by  recoiling  material  can  be  tremendous  over 
very  short  time  scales.  A  simple  calculation  of  the  surface  pressure 
involved  would  show  a  plasma  exerted  pressure  on  the  order  of  1.53  X  lO'* 
atmospheres,  with  nQ  =  10  /cm  ,  and  kT  =  lOOeV  using  the  formula  [Ref .  9]  : 

?  =  n  kT  where: 

e 

n  =  Plasma  density 
k  =  Boltzmann  constant 
T  =  Plasma  temperature 

A  more  in  depth  analysis  of  the  physics  involved  provides  an  expression 
for  the  surface  pressure  during  laser- target  interaction  to  be  [Ref.  3]: 


‘  ■  '  iz  " 


rZ-f 
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?  =  Absorbed  power  density 
k  =  3oltzmann  constant 
Ty  =  Vaporization  temperature 
m  =  Mass  of  target  material 
Lv  =  Latenu  heat  of  vaporization 
C  =  Specific  heat  of  solid 

Actual  physical  measurement  of  the  surface  pressures  involved 
during  laser-target  interaction  has  been  done  by  a  number  of  researchers. 

Q 

Ready  [Ref.  10]  found  that,  for  a  laser  energy  density  of  2.3  I  10 
2 

V/cra  ,  a  peak  surface  pressure  of  approximately  100  atmospheres  was 

obtained  using  a  303  stainless  steel  target.  Krehl  et.al.  [Ref.  11] 

found  that,  for  a  laser  energy  density  of  about  2  X  10  V/cm  ,  a  peak 

surface  pressure  of  approximately  780  atmospheres  was  obtained  using 

an  aluminum  target,  while  Schriempf  [Ref.  12]  writes  that  a  100  Megawatt 

—4  2 

peak  power  pulse,  absorbed  in  an  area  of  10  H  cm  ,  exerts  a  pressure  of 
approximately  300  atmospheres. 

Z0  2 

With  energy  densities  on  the  order  of  10  W/ca  for  these  ex¬ 
periments,  it  is  felt  that  surface  pressures  on  the  order  of  15,000  psi 
were  obtained.  Though  the  15,000  psi  pressure  is  below  the  fracture 
strength  of  the  various  steels  used  for  this  thesis,  it  is  certainly 
in  the  elastic  deformation  regime. 

2.  Laser  Processing  Results 


The  techniques  used  in  laser  processing  of  materials  include 
transformation  hardening,  deep-penetration  welding,  drilling,  laser 


glazing  and  shock  hardening.  Of  particular  interest  and  relevance  to 
this  thesis,  are  the  surfaces  produced  by  laser  glazing  and  shock 
hardening. 


The  technique  used  for  laser  glazing  involves  rapidly  traversing 

the  surface  of  a  material  with  a  laser  beam  focused  so  that  a  power 

density  of  10*  to  10  W/cm  is  obtained  at  the  material's  surface. 

Laser  shock  hardening  attempts  to  work-harden  materials  with  the  hlast 

wave  that  accompanies  rapid  surface  vaporization  induced  by  pulsed 

lasers  at  very  high  power  densities,  over  107  Vf/ cm  .  Though  laser 

glazing  was  not  strictly  done  in  this  thesis's  experiments  because  of 

the  use  of  a  pulsed  laser,  quenching  rates  were  of  the  same  order,  while 

10  2 

power  levels  were  on  the  order  of  10  V/cm  . 

The  procedure  used  in  laser  glazing  results  in  a  thin  melt 

layer  with  the  substrate  remaining  cold.  With  the  steep  temperature 

gradients  involved,  rapid  solidification  of  the  thin  melt  layer  takes 

3  o 

place,  with  quench  rates  in  excess  of  10  C/sec  for  melt  layers  of 
one  to  ten  (1  -  10)  microns  thickness.  Obviously,  with  quench  rates 
that  rapid,  production  of  amorphous  films  are  easily  obtainable  in 
certain  alloys. 

Using  the  laser  glazing  process  on  M2  tool  steel,  with  a  quench 
rate  of  approximately  5  2  10^  °d/sec,  a  glazed  surface  layer  displayed 
an  extremely  refined  and  homogeneous  microstructure.  The  layer  con¬ 
sisted  of  a  two-phase  matrix  of  S  ferrite  and  austenite  (y)  with  a 
low  concentration  of  fine  carbide  particles  [Ref.  13 j.  Laser  glazing 
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M50  alloy  steel,  but  at  a  faster  quenching  rate,  produced  similar 
results  with  only  very  fine  carbide  particles  being  resolved  in  the 
melt  layer  at  high  magnifications,  and  a  hardness  increase  of  200  DPH 
(diamond  pyramid  hardness)  over  the  substrate  [Ref.  14]. 

Shock  hardening  techniques  produce  similar  and  sometimes 
greater  increases  in  hardness  than  the  laser  glazing  technique.  It  has 
been  noted  that  martensite  can  be  induced  to  form  in  the  austenitic 
stainless  steel  type  304  but  not  type  316  [Ref.  15]  by  cold  working; 
and,  it  seems  plausible  that  surface  layers  of  martensite  can  be  formed 
by  laser  shock  hardening  304  stainless  and  possibly  other  steels  as 
well.  It  is  expected,  though  not  in  the  case  of  304  stainless,  that 
the  hardened  regions  will  be  more  corrosion  resistant  than  the  base 
metal  due  to  the  homogenity  of  the  hardened  surface  layer  [Ref.  14]. 
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A.  EQUIPMENT 


III.  EXPERIMENTAL  DESIGN 


The  equipment  used  for  experimentation  included  a  medium  power 
neodymium  glass  laser  and  an  evacuated  target  test  chamber,  a  scanning 
electron  microscope,  and  two  optical  microscopes;  the  latter  being  used 
to  study  surface  damage  on  test  samples.  Figure  2  is  a  schematic  of 
the  laser  and  test  chamber. 

The  optical  microscopes  were  used  to  study  the  surface  preparation 
of  all  test  samples.  The  neodymium  glass  laser  was  used  to  irradiate 
sample  targets  in  the  test  chamber,  thus  generating  a  hot  plasma. 

After  exposure  to  the  laser-produced  plasma,  each  target  was  studied 
using  both  the  optical  and  scanning  electron  microscopes  to  determine 
the  degree  of  plasmar-surface  interaction. 

1.  Laser 

A  KG RAD  K-1500  ^-switched  neodymium  doped  glass  laser,  with  a 

wavelength  of  1.06pm,  was  the  source  of  energy  for  producing  a  'no-, 

dense  plasma  over  the  target  surfaces.  A  detailed  description  is  given 

by  Davis  [Ref.  16].  Figure  2  is  a  hlock  diagram  of  the  basic  system. 

The  output  energy  of  the  laser  was  variahle  in  the  range  of  0.2  -  15 

Joules  with  a  nominal  25  nanosecond  pulse  width.  For  these  experiments 

the  laser  was  operated  at  an  output  of  approximately  3-15  Joules  on 

-2  2 

target  with  focal  spot  sites  varying  from  0.5  X  10  to  0.2cm  .  For 
metallic  glass  experiments,  filters  of  varying  transmittance  were  in¬ 
serted.  Laser  total  output  energy  was  measured  using  a  laser  precision 
RK  -  3200  Series  Pyroelectric  meter. 


Figure  2.  Laser  3x1a  test  chamber  arrangeaen 


The  target  test  chamber  used  was  a  six-inch  cube  of  unbaked 

aluminum  with  an  internal  volume  of  12,?  i  0,3  liters.  'Hie  vacuum 
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system  was  capable  of  providing  pressure  down  to  10  Torr.  uaser 
beam  alignment  was  30  degrees  from  the  normal  of  the  target  surface 
face, 

3,  Optical  Microscope 

A  3ausch  and  Lomb  3alpian  stereoscopic  light  microscope  and  a 
Zeiss  microscope  were  used  to  observe  and  photograph  thj  target 
surfaces.  Optical  magnification  available  was  from  100  to  1000X,  with 
most  work  being  done  in  the  100  -  200X  range  due  to  depth  of  field 
problems  at  higher  magnifications.  These  microscopes  were  also  used 
to  determine  the  depth  of  unipolar  arc  craters  after  laser  irradiation. 

4.  S canning  Electron  Microscope 

The  scanning  electron  microscope  ($ZM)  used  was  a  Cambridge 
Stereoscan  34  -  10,  which  has  a  range  of  magnification  of  20  to  1QC,00GX 
with  most  observations  conducted  in  the  200  -  120CX  range.  The  3ZM 
provides  a  large  depth  of  field,  that  is  much  better  than  the  optical 
microscopes,  and  is  an  invaluable  tool  for  surface  damage  evaluation. 
Also  used  with  the  32M  system  was  a  Princeton  Camma  Tech  energy  disper¬ 
sive  x-ray  analyzer. 


3.  PROCEDURES 

The  experimental  procedures  can  be  separated  into  three  distinct 
steps:  target  preparation,  plasma-surface  interaction,  and  surface 
damage  evaluation.  Target  preparation  consisted  of  target  machining 
(if  necessary',  target  polishing  using  standard  metailographic 


procedures,,  and  target  examination  under  the  optical  microscope  after 
polishing*  The  second  step  of  plasmansurface  interaction  was  then 
accomplished  in  the  plasma  laboratory  of  the  Naval  Postgraduate  School 
using  the  neodymium  glass  laser  and  target  test  chamber  with  varying 
pressure  conditions*  Surface  darna*  o  evaluation  was  accomplished  by  ex¬ 
amination  of  each  sample  under  bot  a  the  SEM  and  the  optical  microscopes* 

1*  Target  Preparation 

The  targets  consisted  of  1030  mild  commercial  steel,  type  304 
and  type  316  stainless  steels,  titanium,  copper,  carbon  graphite, 

HI  130,  and  ?e3g32o  me'ta13-2.0  glass  ribbon.  The  1030,  304,  316,  Poco, 

HI  130,  and  titanium  targets  were  polished  using  standard  metallurgical 
techniques  with  a  final  polishing  slurry  of  0,05u  A^CS^.  Hie  carbon 
graphite  targets  were  shot  unpolished  and  polished.  The  copper  and 
some  stainless  steel  (304)  targets  were  sandhlasted  using  300  grit  34% 
silica  at  an  operating  pressure  of  35  ?si.  All  commercial  metallic 
glass  targets  were  shot  as  received,  with  no  surface  preparation  other 
than  acetone  cleaning.  .HI  targets  were  examined  optically  prior  to 
irradiation  at  magnifications  to  4C0X  for  comparison  with  target 
surfaces  after  plasma  exposure. 

2.  Plasmar-ourface  Interaction 

Each  target  was  cleaned  with  ethyl  alcohol  and  then  acetone 
prior  to  being  mounted  in  the  test  chamber.  The  target  chamber  was  then 
evacuated  to  a  pressure  of  10"^  Torr  and  the  laser  fired  at  energy 
levels  varying  from  3  to  15  Joules  with  a  nominal  pulse  width  in  the 
^-switched  mode  of  25  nanoseconds.  Breakdown  of  target  surface  material 
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was  achieved,  producing  a  hot  (kT  »  lOOeV),  dense  (n  •  10  /cnr), 

0  0 

and  approximately  hemispherically  shaped  plasma  which  established  the 
sheath  potential,  relative  to  the  target  surface,  necessary  for  unipolar 
arcing.  'Io  external  voltage  was  applied. 

3.  Surface  Damage  Investigation 

Specimens  were  examined  and  photographed  using  the  optical  and 
scanning  electron  microscopes.  Unipolar  arc  damage,  if  any,  was  evalu¬ 
ated,  crater  density  determined,  and  arc  crater  depth  at  various  radii 
from  crater  center  measured.  The  depth  of  molten  surface  effects  was 


measured  using  an  etched  target  cross  section. 


IV 


Plasma-metallic  surface  interactions  were  evaluated  using  targets 
of  types  304  and  316  stainless  steel,  1030  mild  (Rockwell  3  of  42)  com¬ 
mercial  steel,  titanium,  Poco  graphite,  sandblasted  copper,  HY  130, 
^e30^20  conmerc-a-^  metallic  glass),  laser  produced  surface  metallic 
glasses  on  types  304  and  316  stainless,  1030,  and  HY  130  steels,  and 
^e30^2Q  me^a^-^c  glass  that  had  been  annealled  for  two  hours  at  330  0  0 
to  allow  crystallization  of  the  glass  to  'Degin. 

A.  CONDUCTORS 
1.  Titanium 

99.9%  pure  titanium  targets  were  shot  both  at  10"^  Torn  and  at 
atmospheric  pressures.  Laser  energy  on  target  varied  from  11  to  14 
Joules  with  a  focal  spot  diameter  range  of  0.4  to  0.6mm.  The  main  laser 
crater  size  averaged  0.7mm  in  diameter  with  subsequent  molten  zone  ex¬ 
tending  an  average  distance  of  0.35mm  from  the  main  crater.  Diffraction 
of  the  laser  light  by  the  plasma  created  a  series  of  molten  concentric 
rings  about  the  main  crater  out  to  an  average  radius  of  1.0mm  from  the 

laser  crater  rim.  Total  area  of  the  plasmai-surface  interaction  region 
2  2 

averaged  45mm  ,  20mm  more  than  the  stainless  steels  affected  region, 
even  though  titanium  has  a  slightly  higher  melting  point  (1675  °0  vs. 
1595  °0) .  Figure  3  is  a  photograph  of  a  main  laser  impact  crater 
showing  ohe  outward  flow  of  once  molten  material,  while  figure  4  shows 
an  example  of  the  diffraction  produced  concentric  rings. 


34 


Figure  5  shows  an  area  immediately  outside  the  diffraction  rings,  and 
the  unipolar  arcs  produced  by  the  plasma  surface  interaction.  This 
figure  shows  an  area  of  moderate  unipolar  arc  density  with  about  570 
arcs/ cm  ,  with  the  appearance  of  the  arcs  being  smoothed  over  due  to 
the  flow  of  molten  metal  at  the  surface  layer.  Apparently,  arcing  in 
this  region  occurred  during  the  solidification  process.  It  is  inter¬ 
esting  to  note,  however,  that  only  in  the  titanium  was  arcing  found  to 

2 

be  taking  place  over  the  entire  1.25cm  target  surface,  albeit  at  a 
low  arc  density.  Figure  6  shows  unipolar  arcs  found  3.5mm  from  the 
main  laser  crater  rim.  It  is  apparent  that  the  plasma  density  and 
temperature  required  to  initiate  unipolar  arcing  in  titanium  is  less 
than  stainless  steel,  but  the  amount  of  crater  material  removed  (dam¬ 
age)  and  arc  density  per  'unit  area  is  less  than  that  of  stainless  steel. 
Unipolar  arc  craters  observed  at  a  radius  of  2mm  or  greater  from  the 
main  laser  crater  (see  figure  6)  measured  2.0  to  14.0um  in  diameter, 

•with  a  depth  of  1.0  to  5. Gum.  Irradiation  of  titanium  targets  in  the 
atmosphere  produced  similar  effects,  but  the  diffraction  ring  pattern 
size  was  reduced  to  a  diameter  of  0.85mm.  Unipolar  arc  densities  were 
approximately  the  same  at  the  cessation  of  molten  surface  effects. 
Figures  7  and  3  show  typical  results  for  laser  irradiation  of  titanium 
at  atmospheric  pressure. 

2.  Poco  Oranhite 

Carbon  graphite  composites  have  been  suggested  for  use  as  limi¬ 
ters  in  fusion  reactors.  Poco  graphite  target  material  vas  supplied 
commercially,  and  was  irradiated  both  polished  and  as  supplied.  Laser 
pulse  energy  on  target  varied  from  11  to  15  Joules/pulse.  Figures  1 
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Figure  5.  Titanium.  Unipolar  arcing  at  the  edge 

one  molten  surface  effects  with  570  arcs/ cm * 

(650X  S2M) 


Figure  6.  Titanium.  Unipolar  arcs  found  at  a 
distance  of  J. 5mm  from  the  cessation  of  aoloen  sur¬ 
face  effects  ' 5CCX  optical) 


and  10  are  3FM  photographs  at  230  and  1400X  Damnification  respectively, 


of  the  target  material  with  no  surface  preparation,  while  figures  11 
and  12,  at  260  and  650X  aagnlf ications,  show  the  target  surface  after 
polishing  with  a  0.05  micron  slurry  of  As  can  be  seen,  the  sur¬ 

face  of  the  material  is  extremely  porous  making  'unipolar  arc  detection 
difficult,  figure  13  shows  the  main  laser  crater  produced  by  two  suc¬ 
cessive  laser  pulses  of  14  and  15  Joules  on  target  (crater  depth  meas¬ 
ures  approximately  0,35am)  while  figure  14  shows  a  view  of  the  crater 
center  at  500X.  Figure  15  is  a  view  of  the  large  crack,  at  100CX, 
radiating  from  the  crater  center,  produced  by  laser  shock  effects,  a 
graphic  illustration  of  the  brittleness  of  the  material.  Jo  areas  of 
unipolar  arcing  can  be  seen  in  these  photos,  at  least  no  cathode  spots 
could  be  distinguished  aaidst  the  porous  surface;  however,  the  surface 
appears  to  have  -undergone  erosion  or  ablation  by  the  plasma,  apparently 
revealing  the  microstructure  of  the  material.  The  erosive  effect  of 
the  plasma  can  be  more  clearly  seen  in  figures  16  and  17,  which  are 
views,  near  the  main  crater's  edge,  of  a  polished  carbon  target  that 
had  been  irradiated  at  11.9  Joules.  The  edge  of  the  main  laser  crater 
can  be  seen  in  the  upper  right  hand  corner  of  figure  16,  -while  the  ero¬ 
sive  effect  of  the  plasma  on  the  carbon  surface  can  clearly  be  seen  in 
figure  17  when  it  is  compared  -with  the  view  of  a  polished  unshot  sur¬ 
face  in  figure  12.  For  the  two  shot  sequence,  surface  ablation  was  seen 
over  an  approximately  elliptical  area  -with  a  major  axis  of  3.13mm  and  a 
minor  axis  of  7.0Smm.  Ablation  depth  varied  radially  with  a  oessaticn 
of  plasma  surface  effects  at  a  4.G7mm  radius  from  crater  center  along 
the  major  axis,  to  a  5  to  7  micron  erosion  depth  of  the  original  surface 
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at  the  edge  of  the  laser  crater.  A  polished  target  irradiated  at  11.9 
Joules,  vith  a  focal  spot  of  0.4mm  diameter,  hah  a  main  crater  of  1.5mm 
diameter  and  a  depth  of  0,25mm.  The  plasmas surface  interaction  area  for 
this  pulse  was  nearly  circular  in  shape,  vith  surface  effects  noted  at 
a  radius  of  3.5mm  from  crater  center.  Surface  erosion,  for  this  shot, 
at  the  edge  of  the  laser  crater  again  was  about  5  microns  vith  a  series 
of  concentric  rings  of  ablation  seen  at  the  edge  of  the  plasma  effects. 

It  vas  found  that  the  diffraction  effect,  seen  as  concentric 
rings  of  molten  metal  or  unipolar  arcs  on  the  metallic  targets,  vas  ap¬ 
parent  on  carbon  targets  as  a  series  of  concentric  rings  of  ablated 
material.  This  tends  to  confirm  that  the  rings  seen  on  the  metals  are 
not  solidified  surface  vaves  on  the  once  aoluen  material.  ?igure  13 
shovs  the  results  of  an  11.9  Joule  forward  shot  on  a  polished  target. 

The  concentric  rings  produced  by  the  diffraction  effect  can  be  clearly 
seen  on  the  left  side  of  figure  13,  while  figure  19  shovs  a  close  up  of 
the  rings.  The  shiny  areas  in  figure  19  correspond  to  an  untouched  or 
still  polished  surface  while  the  dark  areas  correspond  to  the  ablated 
surface.  The  depth  of  ablation  varied  along  the  rings,  but  stayed  close 
to  an  average  "peak  to  trough"  depth  of  5  microns. 

One  target,  with  no  surface  pr°^sration,  vas  irradiated  at  an 
energy  of  10.78  Joules  and  a  focal  spot  diameter  of  1mm.  The  main  cra¬ 
ter,  as  seen  in  figure  20,  in  this  case  vas  not  as  veil  defined  as  uhe 

focused  shot  craters  were;  however,  the  area  of  surface  plasma  effects 

2  2 
vas  approximately  30mm  ,  which  is  the  same  order  as  the  38mm  piasmar- 

surface  interaction  area  for  an  11.9  Joule,  0.4mm  diameter  fecal  spot, 

3hot.  Figures  21,  22,  and  23  show  an  area  abutting  the  edge  of  the 


aain  laser  crater,  at  successively  higher  aagnifications,  while  figure 
24  shows  an  area  at  1300X,  lam  away  from  the  laser  crater.  As  in  the 
polished  sample  shots,  some  etching  of  the  surface  is  noticeatle  at  the 
highest  magnifications,  revealing  the  aicrostructure  of  the  material; 
and,  as  with  the  polished  samples,  no  unipolar  arcing  effects  could  be 
discerned  amidst  the  porous  and  irregular  surface,  only  erosion  effects 
were  noticeable. 

3.  T *vne  304  Stainless  Steel 

Polished  304  targets  were  irradiated  with  on  target  energies 
varying  from  9  to  15  Joules.  Average  focal  spot  size  was  0.4mm  in  di¬ 
ameter  producing  a  main  laser  crater  of  0.4  to  0.9mm  in  diameter  (see 

figure  25)  and  an  average  depth  of  30um.  The  plasma  damaged  surface 

2 

area  averaged  in  size  20  to  28mm  ,  with  an  area  of  molten  surface  ef- 

2 

fects  of  approximately  15mm  .  Figure  26  shows  the  periphery,  2.7mm 
from  the  aain  laser  crater,  of  plasma  interaction  ’with  a  unipolar  arc 
crater  density  of  300/ cm  .  Oraters  at  a  distance  of  2.5mm  from  aain 
crater  rim  measured  from  3  to  10ym  rim  to  rim  diameter,  and  had  a  depth 
of  1  to  6um.  Grater  densities  close  in  to  the  aain  crater  appear  to  ex- 
ceed  lC0,0C0/cn  as  previous  researchers  have  noted  [Ref.  4J.  Figure  27 
shows  the  result  of  laser  pulse  diffraction  by  the  plasma,  producing 
concentric  rings  of  molten  material  about  the  aain  crater. 

A  number  of  type  304  stainless  steel  targets  were  sandblasted 
with  a  300  grit  of  34£  silica  content,  at  35  ? si,  to  determine  the  sus- 
ceptabiiity  of  sandblasted  steel  to  -unipolar  arcing.  Figure  28  shows 


a  typical  surface  produced  by  sandblasting  stainless  steel  type  304. 
After  sandblasting,  a  target  was  irradiated  -with  two  laser  pulses  of 


Figure  25.  304  Stainless.  Main  inpaca  crater 

(130X  SZM) 


Figure  26.  504  Stainless.  Unipolar  arcing  at  2. Tan 

rom  uain  laser  iapact  crater  (250CI  SZM) 


This  two  shot 


energies  9.33  and  10.63  Joules  at  the  same  focal  spot. 

sequence  was  acne  to  facilitate  finding  the  main  laser  crater  amid  the 

extremely  rough  surface.  Figures  29  and  30  show  the  central  area  of 

the  main  crater,  while  figures  31  and  32  show  typical  molten  surface 

effects  approximately  l.Cmm  from  the  main  crater  center.  As  can  be  seen, 

it  is  extremely  difficult  to  find  evidence  of  unipolar  arcing  anid  the 

rough  surface  and  clutter.  It  is  apparent  that  the  unipolar  arc  density 

is  lower  in  the  sandhlastec  target  however.  Unipolar  arcing  was  noticed 

2 

at  a  density  of  appro r. in ate_y  ouC  arcs/ cm  at  a  cistance  of  approximately 
1.5mm  from  crater  center;  r.owevor,  beyona  this  distance  almost  no  uni¬ 
polar  arcs  could  be  f:und.  It  is  felt  that  the  arcs  seen  were  formed 
predominately  on  the  seconu  shot  after  the  sandblasted  surface  had  ‘under¬ 
gone  melting.  It  is  thought  that  the  sandblasting  leaves  a  few  atoms 
thick  coating,  along  'with  a  large  number  of  embedded  grains,  of  CiO^ 
on  the  steel  surface  which,  in  turn,  acts  as  inhibitor  to  arc  initiation, 
even  though  there  are  a  large  number  of  jagged  surfaces  produced  by  the 
sandblasting  that  act  as  electric  field  enhancers.  Figure  33  shows  an 
area  (45°  from  normal)  at  the  edge  of  plasma-surface  interaction  effects, 
while  figure  34  shows  a  corresponding  x-ray  spectral  analysis  of  the 
area.  A  silicon  line  is  shown,  though  this  cannot  be  attributed  to  21C-, 
since  304  stainless  has  a  maximum  3i  content  of  1%  by  weight.  Figure 
35  shows  an  area  (45°  from  normal)  immediately  beyond  the  plasma  inter¬ 
action  area.  Corresponding  to  figure  35  is  figure  36  which  shows 
scintillations  produced  'ey  x-rays  from  silicon  in  that  target  area. 


Figure  34.  Sandblasted  304.  4-ray  spectrum  produced 
by  area  in  previous  figure.  Lines  (left  to  right)  are: 
aluminum,  silicon,  manganese,  chromium,  iron,  iron,  and 
nickel. 
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4.  HY  130 

SY  130  is  a  5  'Ii-Cr-Mo-7  steel  containing  less  than  0.12  per¬ 
cent  carbon  and  has  a  minimum  yield  strength  of  130,000  psi,  and  a  high 
degree  of  toughness.  The  nicrostructure  is  predominately  tempered  mar¬ 
tensite,  with  the  steel  being  developed  for  use  in  the  United  Otates 
'.lavy  submarine  hull  construction.  Target  material  was  obtained  from  a 
thesis  student  of  Professor  Challenger  and  was  cut  from  a  cast  block 
with  a  hardness  of  Rockwell  0  32,  and  a  composition  as  listed  in  Appen¬ 
dix  A.  To  the  knowledge  of  the  author,  this  is  the  first  time  that  a 
tough,  high  strength,  martensitic  steel  has  been  tested  for  suscepta- 
bility  to  unipolar  arcing. 

One  polished  target  was  irradiated  in  the  target  chamber  at  a 
pressure  of  10~^  Torr,  a  focal  spot  diameter  of  0.35mm,  and  a  laser 
pulse  energy  of  12.14  Joules.  The  main  laser  crater  shown  in  figure  37 
measured  0.56mm  in  diameter  and  had  a  depth  of  15  microns.  Three  uni¬ 
polar  arcs  can  be  seen  immediately  outside  the  crater  amidst  a  surface 
where  sputtering  had  apparently  revealed  the  martensitic  microstrucoure. 
The  two  larger  unipolar  arc  craters  shown  in  figure  37  measure  C.C95mm 

in  diameter  and  12  microns  in  depth.  Plasma  surface  effects  were  noted 

2 

over  an  area  of  approximately  5mm  ,  only  one  quarter  that  of  stainless 

steel  at  the  same  pulse  energy  and  focal  spot  size.  Figure  38  shows  an 

area  where  the  left  side  of  the  figure  is  0.5mm  from  the  edge  of  the 

2 

main  crater  rim.  The  area  shown  covers  0.64cm  and  shows  27  arcs  upon 

careful  search,  which  corresponds  to  an  arc  density  of  42  unipolar  arcs/ 
2 

cm  .  The  largest  arc  craters  shown  in  this  figure  nave  a  diameter  of 
:.C67mm  and  a  cathode  spot  of  0.010mm  diameter.  Figure  39  shows  an  area 
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at  the  opposite  side  of  the  main  laser  crater  from  figure  3S,  where  the 

top  edge  of  the  figure  lies  0.75mm  from  the  main  laser  crater  rim.  The 

2  2 
area  shown  covers  0.51cm  and  has  20  -unipolar  arcs  or  39  arcs/ cm  . 

Tome  plasma  erosion  of  the  surface  is  apparent  showing  the  microstructure 

of  the  steel,  though  uhe  erosion  is  not  as  severe  as  that  near  the  main 

laser  crater.  The  largest  -unipolar  arcs  in  this  figure  measure  0.076mm 

in  diameter  and  have  a  cathode  spot  size  of  0.013mm  diameter. 

Figure  41  is  a  photograph  of  the  polished  surface  of  cast  HY  130 
showing  a  porous  surface  typical  of  cast  steels.  It  is  felt  that  the 
large  cathode  spots  seen  were  initially  pores  in  the  surface  that 
served  as  initiators  to  unipolar  arcing  and  that  the  large  diameter  of 
the  spots  was  at  least  partly  attributable  to  the  pore  size.  It  appears 
that  the  number  and  distribution  of  the  large  arcs  corresponds  to  the 
number  and  distribution  of  the  surface  pores. 

The  material  removed  from  these  super  sized  arcs  may  be  as 
much  as  100  times  the  amount  removed  in  a  typical  stainless  steel  -uni¬ 
polar  arc.  It  is  important  to  note,  however,  that  stainless  steel  arc 
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densities  can  easily  approach  or  exceed  100,000  arcs/ cm  at  a  distance 
of  0.75mm  from  the  main  laser  crater  -with  12  Joules  on  target,  as  com- 
pared  with  the  observed  39  -unipolar  arcs/ cm  at  0.75mm  in  III  130,  -with 
six  of  these  being  "super"  arcs.  Figure  40  shows  the  largest  unipolar 
arc  found  on  the  T_r  130  target,  an  arc  which  measures  0.140am  rim  to 
rim,  has  a  cathode  spot  of  0.023mm  diameter,  and  was  found  at  a  dis¬ 
tance  of  0.30mm  from  the  main  laser  crater  outer  rim.  Iven  taking 
these  "super"  arc3  into  account,  assuming  they  contribute  approximately 
110  times  the  material  to  the  plasma  than  an  average  stainless  steel 


unipolar  arc,  the  material  contributed  to  the  plasma  via  'unipolar 
arcing  from  H 'i  13C  was  at  least  three  orders  of  magnitude  less  than 
that  of  type  304  stainless,  a  substantial  decrease  and  one  deserving 
a  more  thorough  investigation. 

c. 

>  • 

One  copper  target  was  sandblasted  using  the  same  procedure  as 
that  that  was  used  with  the  304  stainless.  Again,  grit  size  used  was 
300,  with  operating  pressure  of  35  psi.  After  sandblasting,  the  target 
was  irradiateu  with  two  laser  pulses  of  9.53  and  10.55  Joules  in  the 


same  focal  area  on  target.  Again,  this  was  done  to  aid  in  locating, 
witn  the  GEM,  the  laser  damaged  area  amid  the  extremely  rough  surface. 

?igure  42  is  a  photograph  of  an  area  near  the  main  laser  crater  center. 
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The  total  area  of  molten  surface  effects  was  approximately  12mm  but  no 
measurements  of  crater  depth  and  diameter  were  possible  due  to  the 
roughened  surface.  Figures  43  and  44  show,  at  successively  higher  mag¬ 
nifications,  an  area  near  the  center  of  laser  effects.  These  figures 
show  extensive  melting  of  the  surface  and  a  number  of  unipolar  arcs; 
however,  even  at  the  center  of  the  plasma  effects,  there  were  areas 
that  showed  no  interaction  effects.  Figure  45  shows  an  area  approxi¬ 
mately  1mm  from  the  center  of  plasma  effects.  Again,  extensive  melting 
of  the  surface  could  be  seen,  however,  no  -unipolar  arcs  could  be  seen. 

The  effects  noted  above  were  in  keeping  with  the  theory  that  an 
GiO^  coating  on  a  conductor  'will  inhibit  -unipolar  arcing.  Tempering 
these  results  -with  those  of  Barker  and  Rush's  ‘Ref.  17],  who  irradiated 
polished  copper,  the  amount  of  plasma  surface  interaction  was  much  less 


Barker  and  Rush  found  that, 


on  the  sandblasted  surface 


for  a  3 


ou~e 


focused  pulse,  the  total  damaged  area  was  3.14nun  ,  while  20  Joules  on 
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a  sandblasted  surface  damaged  12mm  and  produced  few  'unipolar  arcs. 
Figure  46  shows  the  irregular  surface  produced  by  sandblasting,  while 
figure  47  shows  the  silica  concentration  at  the  surface  seen  in  figure  4 
6.  Type  316  Stainless  Steel 

A  single  polished  target  of  316  stainless  steel  was  irradiated 

with  a  pulse  energy  of  12  Joules  and  a  focal  spot  diameter  of  0.3am. 

The  elliptically  shaped  laser  crater  produced  by  this  pulse  is  shown  in 

figure  4S.  The  dimensions  of  the  main  crater  were  0.4mm  minor  axis,  and 

0.7mm  major  axis.  Depth  of  the  crater  varied  'cut  averaged  about  2Gum. 
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The  total  area  of  molten  surface  effects  was  approximately  ilmm**, 

2 

about  omm  less  than  the  average  304  stainless  molten  area. 

Figure  49  shows  an  area,  located  near  the  main  laser  crater  rim, 

and  is  a  typical  example  of  the  plasma  produced  molten  surface  effects. 

Dome  unipolar  arcs  that  were  formed  very  early  after  plasma  production 

and  then  "washed  out"  by  ensuing  molten  surface  effects  can  be  seen. 

Figures  50  and  51  show  the  arc  densities  obtained  at  radii  of  2  and  2.7 

mm  respectively  from  the  main  laser  crater  center,  'with  a  unipolar  arc 
2  2 

density  of  cOC/cm“  for  figure  50  and  350/ cm^  for  figure  51.  Of  nose 
are  the  numerous  craters,  varying  in  diameter  from  2  to  4  microns  that 
appear  to  have  formed  very  early  after  plasma  initiation  and  had  their 
crater  and  caohode  spot  eroded  over  by  latter  plasma  effects,  suggesting 
that  arc  initiation  was  easy  for  some  reason,  but  that  arc  cessation 
was  rapidly  obtained. 


Cne  polished  target  of  1030  steel,  with  a  hardness  of  42  on  the 

Rockwell  3  scale,  was  irradiated  by  a  laser  pulse  with  an  energy  of  11.6 

Joules  and  a  focal  spot  diameter  of  0,3mm,  A  main  laser  crater,  seen 

in  figure  52,  'with  diameter  of  1.2mm  and  a  depth  of  25  microns,  was 

produced  which  covered  a  considerably  larger  area  than  the  stainless  or 

HY  130  crater  areas.  Molten  surface  effects  were  seen  over  an  area  of 
2 

approximatexy  u5mm  ;  however,  with  a  cessation  of  unipolar  arcing  about 
3mm  from  main  laser  crater  center.  Those  numbers  correspond  almost  ex¬ 
actly  to  those  of  304  stainless.  ?igure  53  shows  an  area  that  was  ap¬ 
proximately  2mm  distant  from  the  main  laser  crater  with  43  -unipolar  arcs 
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appearing  in  the  7.3mm  area;  which  corresponds  to  an  arc  density  of 
2 

61 5/ cm  ,  a  density  closely  paralleling  that  of  the  stainless  steel 
targets  at  the  same  radial  distance. 

3.  METALLIC  GLASSES 

Eor  this  part  of  the  experiment  a  commercially  prepared  metallic 
glass  alloy  3’e,Q32Q  was  irradiated  at  energies  ranging  from  1.2  to  15 
Joules,  with  focal  spot  diameters  varying  from  0.4  to  5mm.  Also,  at¬ 
tempts  were  made  to  produce  metallic  glass-like  surfaces  on  HY  130 
steel,  1030  mild  commercial  steel,  and  on  type  304  and  type  316  stain¬ 
less  steel,  and  then  irradiate  these  glass  surfaces  to  determine  their 
3uscepta'cility  to  -unipolar  arcing. 

Two  different  approaches  were  taken  in  an  attempt  to  produce  metallic 
glass  surfaces  on  304  stainless,  316  stainless,  1030,  and  MY  1JC  steels. 
The  first  approach  was  to  discover  the  energy  density  required  for  on¬ 
set  of  plasma  production  in  the  metal,  and  then  irradiate  the  surface 
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at  energy  densities  just  belou  this  value.  Ryan  and  Ghead  [Ref.  4] 

reported  that  in  type  304  stainless  steel  they  were  able  to  produce 

areas  of  surface  melting  without  plasma  production,  and  that  these 

surx’aces  resembled  a  metallic  glass  in  that  they  were  mere  resistant 

to  etching  than  the  surrounding  metal  surface.  This  approach  was  taken 

only  with  type  304  stainless  as  it  was  deemed  ineffective  for  production 
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of  areas  larger  than  0.03mm  . 

The  second  approach  was  one  of  brute  force  but  one  which  is  be¬ 
lieved  to  be  basically  sound.  2ach  target  was  irradiated  at  energies 
varying  from  3  to  15  Joules  with  focal  spots  of  approximately  3.5am 
diameter,  with  3  to  7  shots  in  close  proximity;  thus  producing  large 
areas  of  molten  surface  affects.  It  was  thought  that  these  areas  should 


be  similar  in  structure  to  metallic  glass,  or,  if  not,  should  be  of  very 
fine  microstructure  and  free  of  any  surface  contaminants  that  aid  in 
unipolar  arc  initiation.  In  fact,  using  a  theoretical  model  as  was 
done  by  Krehi,  Schwirzke,  and  Cooper  [Ref.  11],  it  was  found  chat  for 
stainless  steel,  one  time  between  surface  melting  and  resclidifi cation 
and  return  to  room  temperature  starting  at,  the  arrival  of  the  incident 
pulse  was  approximately  1  millisecond,  which,  'with  a  melting  temperature 
of  1595° C,  gives  a  cooling  rate  well  in  excess  of  1,000,300° C/second. 

The  1  millisecond  value  should  be  regarded  as  an  order  of  magnitude  one 
since  assumptions  made  for  the  model  assume  incident  uniform  radiation, 
a  one  dimensional  heat  flow,  all  incident  energy  absorbed  and  no 
shielding  by  a  plasma  layer  at  critical  density,  and  that  the  thermal 
properties  of  the  steel  do  not  change  with  temperature,  nor  that  it 
■undergoes  a  chase  change  and  that  the  laser  Dulse  is  Gaussian. 


The  equation  for  the  change  in  tenperature  is  given  by: 
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where  2<f  3nd  define  a  pulse  width  and  aoplitude  for  a  rectangular 
pulse  having  the  same  energy  as  the  Gaussian  laser  pulse,  and  the 
Gaussian  pulse  as  a  sum  of  q  columns  of  equal  width  X  .  K  is  the 
thermal  conductivity,  k  is  the  thermal  diffusivity,  q  =  2  J  /Z  is  the 
number  of  columns,  X (sec),  z  is  the  depth  (cm)  from  the  far  side  of 
the  target  of  thickness  d(cn).  Values  used  for  304  stainless  were 
t=  pnsec,  q  =  5,  K  =  0.5  w/cm  k,  k  =  C, lem  /sec,  and  ?  =  10“  w/cn  . 
Tor  a  thorough  treatment  using  an  aluminum  target  see  Krehi,  ochwirzke, 
and  Cooper  [Ref.  16].  Also,  as  was  discussed  earlier  in  Chapter  II  of 
this  thesis,  transient  surface  pressures  were  about  IG'*  psi  at  the 
focal  spot  iue  to  radiation  pressure  and  recoil  of  vaporized  material. 
These  radical  tenperature  and  pressure  changes,  it  was  felt,  should 
produce  a  metallic  glass  surface  layer  or,  at  the  very  least,  a  hard 
surface  layer  -with  an  extremely  fine  micro  structure. 


Tour  shots  uere  made  with  a  5mm  diameter  focal  spot  and  en¬ 
ergies  on  target  of  3.1,  8.6,  9.3  and  10.6  Joules.  At  these  energy 
densities,  there  uere  no  discemahle  plasma  effects  noticed  on  these 
samples  uhen  compared  with  an  unirradiated  sample  of  the  metallic  glass 
alloy.  A  shot  was  then  made  with  a  focal  spot  size  of  0.4mm  and  an 
energy  of  11.25  Joules.  The  laser  shot  burned  through  the  ribbon, 
creating  a  hole  of  1.0mm  diameter,  and  a  small  amount  of  splattering 
confined  to  within  a  0.35mm  radius  of  the  edge  of  the  hole.  There  is  a 
significant  amount  of  surface  melting  within  the  0.35mm  radius,  and  a 
small  number  of  what  appeared  to  be  unipolar  arc  craters  formed  when 
the  alloy  was  still  molten;  however,  outside  this  zone,  no  evidence  of 
■unipolar  arcing  was  found  with  the  surface  being  examined  at  magnifi¬ 
cations  up  to  2100X.  Figures  54»  55,  and  56  show  areas,  at  successively 
higher  magnification,  immediately  outside  the  main  laser  crater.  The 
arc  craters  in  these  photographs  measure  from  6  to  20um  in  diameter 
and  are  comparatively  widely  spearated. 

A  sample  of  the  Fe~n3_n  metallic  glass  was  taken  and  anneal! ed 
at  380°0  for  two  hours,  as  per  Walter,  et.al.,  [Ref.  13]  to  initiate 
crystallization  of  she  metallic  glass.  This  sample  was  then  irradiated 
at  an  energy  of  11.75  Joules  and  a  spot  size  of  0.4mm.  The  hole  created 
by  the  laser  pulse  was  again  l.Cmm  in  diameter  -with  splattering  cum  oo 
a  radius  of  0.5mm  from  the  edge  of  the  crater.  Figures  57,  53,  and  59 
show  areas,  as  before,  at  successively  higher  magnification,  0.3  oc  l.Cmm 
outside  the  hole  burned  ohrough  the  ribbon.  As  can  be  seen,  arcing 
has  occurred  3nd  ao  a  greater  density  than  one  unannealled  Fe„3~P. 
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Figure  53.  Recrystallizea  MetGlas.  View  of  hole, 
produced  by  beam  irregularity,  and  the  nearby  surface 
effects  (500X  322-1) 


Figure  59.  Recrystallized  MetGlas.  Areas  of  un. 
arcing  found  1.2am  from  laser  burn  through  (5CCX  : 


According  to  './alter,  et.al.,  ‘Ref.  13],  the  annealiing  process  ini¬ 
tiates  rocrystailization  with  ellipticaliy  shaped  crystals  of  approxi¬ 
mately  I  micron  in  diameter  being  produced.  It  is  felt  that  these 
recrystailised  sites  provided  areas  for  which  unipolar  arc  i  nitration 
is  easier  than  the  amorphous  areas.  Thus,  arc  densities  were  higher 
in  the  annealied  sample  than  in  the  unannealled  ?e;(,30Q  metallic  glass. 
Of  note  is  the  fact  that  ’unipolar  arcing  appeared  in  the  annealied 
sample  at  1.0mm  radius  from  the  main  crater,  while  in  the  'unannealled 
samples  no  arcing  effects  were  noted  beyond  the  immediate  edge  of  the 
main  laser  crater. 

2.  Type  301  Ttalnless  Oteel 

The  first  attempts  to  produce  metallic  glass  surface  on  3C4 
stainless  involved  determining  the  energy  density  required  for  the  on¬ 
set  of  plasma  production  which  initiates  unipolar  arcing,  and  then  ir¬ 
radiating  a  target  at  an  energy  density  sufficient  to  produce  surface 
melting  but  without  a  plasma.  To  accomplish  this,  the  laser  was  focused 
to  a  0.5mm  diameter  spot  size  and  was  then  fired  at  targets  with  the 
laser  pulse  filtered  for  each  shot,  at  successively  lower  levels  of 
pulse  transmittance  and,  therefore,  successively  lower  energy  levels. 

A  photograph  was  taken  of  each  laser  pulse-target  interaction  continuing 
at  the  successively  lower  energy  densities  'until  a  plasma  could  not  be 
seen  in  the  photograph.  The  camera  for  photographing  the  laser- target 
interactions  was  a  Polaroid  CH-9,  using  an  .13 A  32C0  Polaroid  film, 
with  an  f-stop  setting  of  3.  Figures  60  and  61  show  the  cutoff  ob¬ 
tained,  while  figure  62  shews  a  typical  spot  shape  and  bum  pattern, 
obtained  at  these  low  energy  densities.  It  was  found  that  the  energy 


density  required  for  the  onset  of  plasma  production  lies  around  11 
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Megawatts/ cm"';  however,  the  figure  obtained  is  only  an  approximate 
one,  since  the  incident  radiation  was  assumed  distributed  'uniformly 
and  hot  spots  and  beam  irregularities  could  not  be  taken  into  account. 

A  304  stainless  target  was  then  irradiated  at  an  energy  ien- 
sity  of  approximately  7  Megawatts/ cm  ,  then  etched  alectrolytically  and 
examined.  Areas  of  possible  metallic  glass  production  were  observed; 
however,  the  largest  area  obtained  measured  less  than  3.1mm  in  aiameter 
and  was  deemed  to  be  unu suable  in  any  attempts  to  determine  the  sus- 
ceptabiiity  to  'unipolar  arcing  of  stainless  steel  metglas.  The  results 
from  those  first  attempts  brought  about  the  brute  force  attempt,  with 
the  thought  that  the  areas  around  the  main  laser  crater  and  also  a- 


rourd  unipolar  arcs,  due  to  their  short  time  in  molten  state,  then- 
selves  should  be  of  a  metallic  glass  form.  Initially,  a  three  laser 
snot  sequence  was  dene  on  a  polished  304  stainless  target.  Owe  shots, 
of  ?  and  10  Joules  energy  and  focal  spot  diameters  of  O.fmm,  were  made 
with  the  rims  of  the  two  resulting  main  laser  craters  lying  within  1.0mm 
of  each  other.  A  third  shot,  with  an  energy  of  10  Joules  and  0.3mm 
diameter  focal  spot,  was  then  made  'with  the  result  that  the  farthest 
edge  of  the  previously  mentioned  rings  produced  by  diffraction  of  the 
third  laser  pulse  abutted  the  main  crater  rim  from  the  second  shot  (see 
appendix  3  for  shot  sequence  diagrams^.  Figures  63,  64,  and  65  shew 
the  main  laser  crater  area  of  shot  number  two,  after  ail  three  shots,  at 
successively  higher  magnifications.  The  diffraction  rings  produced  by 
the  third  shot  would  lie  Immediately  outside  and  tc  the  right  in  fig¬ 
ure  63.  The  previous  three  figures  sho'u_d  be  compared  -with  figures 
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66,  67,  and  6c  which  show  unipolar  arc  densities  produced  by  snot  num¬ 
ber  three  directly  opposite  of  main  laser  eraser  two  and  am  a  distance 
where  plasma  surface  effects  should  be  the  same,  again  at  successively 
higher  magnifications.  It  is  obvious  that  the  density  of  'unipolar  arcs 
is  much  less  in  the  area  that  had  been  subjected  to  rapid  surface 
melting  and  resolidification  and  it  is  interesting  to  note  that,  seen 
at  the  highest  magnifications,  it  appears  that  tne  plasma  nas  had  an 
etching  effect  on  the  steel.  figures  69  and  ?C  show  the  results  of 
oxalic  acid  etching  the  surface  produced  by  laser  glazing.  The  author 
was  ’unable  to  interpret  these  etching  results. 

A  repeat  of  the  linear  three  shot  sequence  with  a  distance  of 
2,5mm  between  successive  crater  centers  produced  similar  results, 
though  ’unipolar  arcing  was  much  more  apparent  this  time  in  crater  num¬ 
ber  two,  figure  71  shews  an  area  of  molten  effects  produced  by  shot 
number  two,  with  the  left  edge  of  the  figure  lying  2.5mm  from  the  cen¬ 
ter  of  main  laser  crater  number  three,  figure  72  shews  an  area  lying 
directly  opposite  crater  two,  with  the  midpoint  of  the  figure  being 
2.5mm  from  shot  number  three.  Again,  though  some  new  unipolar  arcs 
are  noticeable  in  figure  71,  their  density  is  much  less  than  that  seen 
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Because  of  those  results,  an  experiment  was  'undertaken  'with  a 
polished  3CA  stainless  target  being  irradiated  by  a  linear  seven  shot 
sequence  (see  Appendix  3  for  shot  sequence  and  positions),  ‘with  the 
idea  that  the  sequence  would  produce  an  extremely  large  area  of  molten 
surface  effects.  It  was  felt  that  the  first  five  shots  should  provide 
a  continuous  line  of  molten  surface  effects  and  that  the  last  two  shots 
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would  provide  the  test  plasmas  for  determination  of  unipolar  arc  sus- 
cept ability  of  the  laser  glased  surfac'e.  After  shots  6  and  7,  the  sam¬ 
ple  was  examined  under  the  3SM  at  magnifications  up  to  2100X.  Onipclar 
arcs  co'old  be  found  only  at  distances  greater  than  3mm  from  the  center- 
line  of  the  molten  surface  effects, with  the  glazed  surface  visually 
similar  to  that  of  the  commercial  metallic  glass  fe„  ,3™.  figures  73. 
74,  75,  76,  77,  and  7S  show  the  resulting  surface  structure,  produced 
by  the  seven  shot  sequence,  at  various  areas  and  at  successively  higher 
magnifications,  kathode  spots  from  unipolar  arcs  that  have  been  "glazed 
over"  are  visible;  however,  no  new  unipolar  arcs  were  found  on  this 
surface,  figure  79  shows  the  typical  arc  densities  found  outside  the 
glazed  area  'with  the  bottom  of  the  figure  being  at  an  approximate  dis¬ 
tance  of  3am  from  the  center  of  the  "glazed"  surface. 

After  examinations  of  the  surface  were  completed  and  photographs 
taken,  the  target  sample  was  cut  with  a  low  speed  diamond  saw  sc  that  a 
cross  section  of  the  glazed  area  was  obtained.  After  polisning  with  a 
0.05  micron  slurry  of  A^C-,  the  sample  was  emched  electrolytically 
using  10  grams  of  oxalic  acid  in  ICC  ml  of  water,  and  then  examined 
optically  to  determine  the  extent  of  laser  effects  (if  any),  from  she 
seven  shot  sequence,  into  bhe  stainless,  figures  30,  21,  32,  £3,  and 
34  show,  at  50CZ,  the  etched  cross  section  at  various  points  along  the 
laser- target  interaction  area,  with  the  black  areas  at  the  "be  P  :emg  „ne 
bakeiite  mounting  material,  and  the  laser  glazed  surface  abutting  zhe 
bakelite.  Immediately  noticed,  was  the  horizontal  line  running  almost 
the  entire  length  of  the  cross  section  approximately  5  microns  below 
the  laser-target  surface  interaction  area.  It  is  thought  that  this 


Figure  34.  304  Stainless.  Itched  cross  sec 
Ridge-like  soructure  corresponds  to  noiten  sur 
effects  (50GX  optical) 
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The  results  of  one  of  the  linear  three  shot  sequences,  where 
aain  laser  crater  centers  lie  approximately  2.5mm  apart,  are  shown  in 
figures  35,  36,  37,  and  33.  figure  35  i3  a  photograph  of  the  center  of 
the  aain  laser  crater  from  the  third  or  last  shot.  It  shows  an  etching 
effect  probably  due  to  sputtering,  as  did  the  304  stainless,  and  was 
used  for  comparison  ’with  figure  26,  which  shows  the  center  of  the  crater 
from  the  second  shot.  Seven  new  unipolar  arcs  can  be  seen  in  figure  36, 
which  should  then  be  coapared  with  figure  37.  figure  37  shows  an  area 
of  unipolar  arcing  that  is  2. 5mm  from  the  center  of  crater  three, 
opposite  of  crater  two.  figure  38  is  a  photograph  of  an  area,  outside 
of  main  crater  two,  lying  approximately  2am  from  crater  three's  center, 
and  shows  no  new  unipolar  arcs. 

Results  from  the  first  three  shot  sequence  were  similar  to  those 
of  the  second  sequence,  with  the  density  of  new  arcs  being  produced  on 
the  "laser  glazed"  surface  being  less  than  the  arc  density  on  the  pol¬ 
ished  surface  given  equal  plasma  densities  over  both  surfaces.  No 
large  differences  were  noted  when  comparing  304  glased  surfaces  with 
316;  however,  as  noted  previously,  polished  316  seems  to  arc  over  a 
slightly  smaller  area,  given  the  same  laser  pulse  energy,  than  polished 
304,  so  it  would  seem  that  a  316  glazed  surface  should  be  more  unipolar 
arc  resistant  by  a  small  amount. 

4.  HI  130 

Only  one  three  shot  sequence  was  made  on  an  HI  130  target 
sample.  Two  shots  were  made  such  that  the  resulting  main  laser  rims 
were  separated  by  C.25mm,  and  a  third  shot,  to  create  a  test  plasma, 
was  made  2mm  away  from  the  second  crater.  Laser  energy  for  the  first 


Figure  33.  316  Stainless.  Molten  surface  effects  re¬ 

sulting  from  pulse  two,  2am  from  aain  laser  impact  crater 
of  ?ul3e  three,  after  exposure  to  plasma  produced  by 
pulse  three  (6502  32M) 
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two  shots  was  11  Joules  while  the  third  shot  was  one  of  12  Joules. 

Focal  spot  diameters  were  all  0.4mm.  Figure  89  shows  the  area  between 
the  main  craters  of  the  first  two  shots,  while  figure  90  shows  an  area 
outside  of  main  crater  two,  with  the  left  side  of  the  figure  approxi¬ 
mately  1mm  from  crater  three.  Both  figures  show  a  plasma  etched  surface 
revealing  a  martensitic  nicrostructure,  an  effect  that  was  noted  in  the 
previous  section  on  HI  130.  Ho  unipolar  arc  density  reduction  effect 
was  noted  on  the  glazed  surfaces  when  compared  to  the  one  shot  polished 
surface  arc  densities;  however,  since  there  is  a  paucity  of  unipolar 
arcs  found  in  the  few  HI  130  plasma  interactions  studied,  no  real  com¬ 
parison  can  be  made.  It  is  believed  by  the  author,  however,  that  very 
fine  or  martensitic  microstructures  will  be  proved  more  arc  resistant 
than  the  coarse  grained  structures;  and  that,  by  glazing  the  HY  130, 
one  obtains  a  surface  of  refined  martensite,  which  could  be  more  uni¬ 
polar  arc  resistant  than  HI  130’s  regular  microstructure  of  tempered 
martensite. 

5.  1030  Steel 

As  with  the  316  samples,  two  three-shot  linear  sequences  were 
fired  at  polished  1030  steel  targets.  3oth  samples  had  a  hardness  of 
42  on  the  Rockwell  3  scale  and  had  a  coarse  microstructure  predominately 
of  ferrite. 

For  one  three-shot  sequence,  the  first  two  laser  pulses  were 
both  11  Joules,  had  focal  spot  diameters  of  0.5mm,  with  a  distance  of 

I. 25mm  between  resulting  main  laser  crater  centers.  A  third  pulse  of 

II. 3  Joules  had  a  focal  3pot  of  0.35mm  diameter.  The  main  crater  pro¬ 
duced  by  this  third  pulse  was  1.5mm  from  the  crater  produced  by  the 
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Figure  8 9.  HY  1 30,  Area  between  and  around  main 
impact  craters  from  pulses  one  and  two  (1602  optical) 


Figure  90.  HY  130.  Area  near  main  laser  impact 
crater  number  two  (5002  optical) 


second  pulse  (center  to  center).  Figure  91  shows  the  main  crater  of 
the  second  pulse  after  it  had  been  exposed  to  the  plasma  produced  by 

the  third  pulse.  Surface  area  seen  in  this  figure  is  approximately 

2 

0.75mn  with  several  hundred  new  unipolar  arcs  seen.  Figures  92  and  93 
show  areas  of  crater  number  two  at  600X.  As  in  other  samples,  these 
two  figures  seem  to  show  a  surface  that  has  undergone  etching  by  the 
plasma.  If  this  is  the  case,  then  the  micro structure  for  surface  material 
has  been  refined  considerably  with  the  photographs  showing  a  martensitic 
microstructure.  For  comparison  ’with  the  arc  densities  shown  in  figures 
92  and  93,  figure  94  has  been  provided.  This  figure  shows  an  area  ly¬ 
ing  2.0mm  from  the  third  main  crater  and  directly  opposite  from  crater 
number  two.  Unipolar  arc  densities  in  figures  92  and  93  are  less  than 
seen  in  figure  94;  however,  the  few  arcs  in  the  figures  92  and  93  are 
much  larger  than  those  in  figure  94. 

A  second  three  shot  sequence  uas  done  with  the  first  two  pulses 
having  energies  of  11  and  3  Joules,  and  the  third  having  an  energy  of 
10  Joules.  The  main  laser  craters  for  the  first  two  pulses  lie  1mm  a- 
part  (center  to  center)  while  the  third  pulse  producing  the  test  plasma 
created  a  main  crater  that  was  2.5mm  distant  (center  to  center)  from 
crater  two.  Figure  95  shows  the  main  crater  produced  by  laser  pulse 
number  two;  while  figure  96  shows  an  area,  in  main  crater  two,  which  was 
approximately  2.6mm  from  crater  tnree.  Uo  new  ’unipolar  arcs  were  seen, 
the  few  "washed  out"  arcs  seen  are  the  result  of  the  first  laser  shot. 
Figure  97  shows  an  area  on  the  opposite  side  of  pulse  three's  main 
crater  from  crater  two,  with  the  bottom  edge  of  the  figure  being  approxi¬ 
mately  2.4mm  from  nain  crater  three's  center.  Apparently,  the  lower 


101 


Figure  95.  1030  Steel.  Main  laser  impact  crater  pro¬ 
duced  by  pulse  two,  after  exposure  to  plasma  produced  by 
pulse  three;  in  second  three-shot  sequence  (i2CX  32M) 
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Figure  97.  1030  Steel.  Unipolar  arcing  at  distance 

of  2.4an  from  main  laser  impact  crater  three  (1100X  3SM) 


olasma  density  produced  by  the  test  pulse  of  the  second  sequence  in 
crater  two  was  insufficient  to  initiate  unipolar  arcing  in  the  glased 
areas  of  crater  two.  The  higher  plasma  density,  due  to  the  fact  that 
the  test  pulse  in  this  case  was  closer  to  the  glazed  area,  of  the  first 
sequence,  was  of  sufficient  density  to  initiate  'unipolar  arcing  in  the 
"glazed"  surface;  albeit  at  a  lower  arc  density  when  compared  to  a 
polished  surface  exposed  to  the  same  plasma  density. 
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lONCT/rioNS 


Tha  work  on  this  thesis  was  directed  towards  discovering  the  degree 
of  unipolar  arc  damage  on  various  materials  when  they  are  exposed  to 
a  plasma  environment,  and  to  discover  methods  that  can  be  employed  to 
impede  'unipolar  arc  initiation  in  materials  that  arc  heavily.  To  this 
end,  the  following  conclusions  have  been  made  for  the  materials  tested: 

99.9%  pure  titanium,  which  is  used  on  some  components  in  the  plasma 
environment  of  Tokamaks,  exhibited  the  greatest  propensity  towards 
arsing  of  any  of  the  metals  tested.  Molten  surface  effects  covered 
approximately  twice  the  surface  area,  per  Joule  applied,  than  the  area 
of  effects  on  the  steels.  Unipolar  arcing  was  also  seen  to  occur  over 
the  entire  target  surface.  This  implies  that  titanium  should  not  be 
used  in  any  plasma  environment  where  contamination  by  high  Z  elements 
is  of  concern. 

The  carbon  material  tested  showed  no  propensity  towards  arcing,  at 
least  no  cathode  spots  could  be  discerned  amid  the  porous  surface;  how¬ 
ever.  the  erosion  of  the  original  surface  was  quite  pronounced.  For 
an  11.9  Joule  focused  pulse  irradiation,  excluding  the  main  laser  im¬ 
pact  crater,  the  volume  of  material  removed  by  the  plasma  was  approxi- 
3 

mately  0.06Cmm  .  This  value  assumes  a  circular  interaction  area  'with 
a  5ua  erosion  of  the  original  surface  at  the  edge  of  the  main  laser 
impact  crater,  no  erosion  at  a  3.5mm  radius,  and  the  amount  of  erosion 
varying  linearly  as  a  function  of  the  radius.  The  volume  of  material 
removed  from  the  main  impact  crater  was  approximately  T.44mm^.  This 


indicates  that  sections  of  Poco  graphite  probably  will  erode  "rapidly" 
if  used  as  a  limiter  in  fusion  reactors,  and  may  have  only  limited 
utility  in  a  dense  plasma  environment. 

Of  the  steels  tested,  both  stainless  types  and  1030  exhibited 
approximately  the  same  high  degree  of  susceptability  to  ’unipolar  arc 
damage,  though  type  316  stainless  does  exhibit  a  slightly  lower  density 
of  arcing  at  equivalent  plasma  densities.  The  one  steel  that  showed  a 
low  susceptability  to  arcing  was  HI  130,  though  once  a  unipolar  arc 
did  initiate,  it  apparently  tended  to  bum  long  and  vigorously.  This 
tends  to'  confirm  the  model  of  arc  cessation  put  forth  by  Ryan  and  Shedd 
[Ref.  4],  which  essentially  states  that  the  material  removed  by  arcing 
from  the  crater  area  and  enters  the  plasma,  serves  to  cool  the  plasma 
until  it  no  longer  has  the  sheath  potential  required  to  sustain  the  arc. 
Uith  a  five  orders  of  magnitude  lower  arcing  density  in  HI  130,  when 
compared  to  the  other  steels,  it  is  apparent  that  more  plasma  energy 
can  go  into  each  arc,  enabling  that  arc  to  bum  much  longer  than  a  cor¬ 
responding  arc  in  stainless  before  the  sheath  potential  is  reduced 
enough  for  arc  cessation.  The  reason  for  the  low  arc  density  in  HI  130 
is  unknown. 

Sandblasting  appears  to  be  a  viable  method  of  reducing  the  density 
of  arcing  on  a  material,  as  long  as  polished  surface  smoothness  is  not 
a  prerequisite  for  use  of  the  material.  Unipolar  arc  density  was  re¬ 
duced  in  both  copper  and  stainless  3teel  samples  tested  after  sand¬ 
blasting,  'with  few  arcs  seen  beyond  a  radius  of  1.5mm  from  laser  impact. 


It  is  felt  that  the  SiO^  surface  coating  produced  by  sandblasting  acts 
an  an  inhibitor  to  unipolar  arcing,  in  spite  of  the  fact  that  the 
surface  is  rough  and  jagged  which  should  act  as  an  electric  field, 
and  therefore  unipolar  arc  enhancer. 

As  noted  by  Ryan  and  3hedd  [Ref.  4],  commercial  metallic  glasses 
appear  to  be  resistant  to  unipolar  arcing.  Results  obtained  with 
^e30^20  ten<*  con^'irn  *kat  statement.  No  unipolar  arcs  were  ob¬ 
served  on  ^egQ32Q  outside  of  a  small  molten  area  abutting  a  hole  burned 
through  the  ribbon  by  the  laser.  Upon  initiation  of  crystallization  of 
the  metallic  glass,  the  number  of  unipolar  arcs,  and  the  area  affected 
by  unipolar  arcing,  increased.  It  seems  that  metallic  glasses  would  be 
ideal  for  use  when  a  metal  surface  is  to  be  exposed  to  a  plasma  so  long 
as  temperatures  and  exposure  times  are  not  great  enough  to  recrystallize 
the  glass;  however,  since  the  only  commercial  metallic  glasses  avail¬ 
able  are  in  ribbon  form,  their  utility  seems  very  limited. 

Attempts  to  produce  a  metallic  glass  surface  layer  over  a  large  area 
by  laser  glazing  the  various  steels  produced  uncertain  results.  Uni¬ 
polar  arcing  is  apparently  greatly  reduced  on  steels  that  have  been 
previously  irradiated  by  laser  radiation,  with  a  complete  cessation  of 
arcing  seen  on  a  304  stainless  steel  target  after  irradiation  by  seven 
laser  pulses.  It  is  suspected  that  a  very  thin  layer,  perhaps  only 
200  angstroms  thick,  of  metallic  glass  is  formed  in  the  area  of  molten 
surface  effects,  and  that  the  process  of  unipolar  arcing,  itself,  pro¬ 
duces  a  surface  metallic  glass  layer  due  to  the  short  lifetime  of  the 
arc. 
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Ryan  and  Shedd  stated  that  they  believe  a  metallic  glass  layer  is 
formed  immediately  upon  arrival  of  the  incident  laser  pulse  and  that, 
when  unipolar  arcing  occurs  on  this  layer,  the  molten  core  of  the  arc 
lifts  up  the  metallic  glass  layer  and  forms  the  metallic  glass  crater 
rims  they  observed.  The  author  feels  that  this  is  not  the  case.  It 
is  felt  that  the  metallic  glass  crater  rims  they  observed  were  produced 
by  molten  material  pushed  up  out  of  the  cathode  spots  and  solidified  at 
a  cooling  rate  in  excess  of  1,000,000°  C/sec.  Thus,  it  is  felt,  on 
certain  alloys  the  process  of  unipolar  arcing  will  self- extinguish 
eventually  by  the  production  of  a  surrounding  arc  resistant  metallic 
glass  surface  layer  around  the  arc  crater.  It  is  felt  that  this  is  the 
reason  no  unipolar  arcing  could  be  found  on  the  seven  pulse  irradiated 
stainless  steel  surface.  Simply  put,  the  seven  pulses  produced  so  many 
unipolar  arcs  that,  in  conjunction  with  other  surface  effects,  even¬ 
tually  a  thin  layer  of  metallic  glass  completely  covered  the  surface, 
which  was  now  also  free  of  any  surface  impurities  that  aid  in  unipolar 
arc  initiation. 

The  uncertainties  of  that  idea  arise  from  observations  of  the  laser 
glazed  stainless  steel  in  cross  section  and  of  the  glazed  surfaces  of 
1030  and  HI  130  steels.  As  closely  as  could  be  examined,  the  micro¬ 
structure  of  the  seven  shot  stainless  steel  target  seemed  to  be  intact 
up  to  the  surface,  though  observation  of  a  200  angstrom  thick  surface 
layer  was  impossible  by  the  optical  means  used  to  evaluate  the  depth  of 
the  surface  effects.  In  the  1030  and  HI  130  steels,  especially  the 
HI  130,  the  surface  of  the  target  material  appeared  to  be  etched  by 
the  laser  produced  plasma,  revealing  a  martensitic  micro structure. 


It  aay  be  that,  Instead  of  a  metallic  glass  layer  being  forned,  a  thin 
homogeneous  layer  of  martensite  is  formed  on  some  glazed  steels,  and 
being  cleaned  of  surface  impurities  by  the  laser  produced  plasma,  is 
very  resistant  to  unipolar  arc  initiation.  These  results  suggest  that 
the  microstructure  of  a  material  influences  its  resistance  to  unipolar 
arc  initiation. 

In  either  case,  even  if  a  very  thin  surface  layer  of  metallic  glass 

resistant  to  unipolar  arcing  was  formed,  the  target  material  had  to  be 

shock  hardened  in  the  area  beneath  and  abutting  the  main  laser  impact 

10  2 

crater.  Power  densities  in  that  area  were  of  the  order  of  10  W/cm 
for  app  ximately  25  nsec,  which  should  produce  a  hard  homogeneous 
layer  of  fine  microstructure  [Ref.  143.  It  is  felt  that,  even  if  the 
layer  of  metallic  glass  were  not  there,  these  hardened  layers  would  be 
resistant  to  unipolar  arcing  because  of  their  homogeniety  and  cleanli¬ 
ness  and  because  of  the  high  electrical  resistivity  of  individual  grain 
boundaries  [Ref.  18],  With  a  very  fine  microstructure,  it  is  felt  that 
the  grain  boundaries  may  inhibit  the  return  microcurrent  flow  of 
electrons  required  for  unipolar  arcing.  Thus,  whether  a  metallic  glass 
layer  or  a  hardened  crystalline  layer  is  at  the  surface,  either  layer 
should  inhibit  unipolar  arc  initiation.  It  may  be  noted  that  unipolar 
arcing  has  occurred  when  some  targets  were  still  in  a  molten  state  where 
electrical  resistivity  is  high.  It  is  felt  that  the  increased  vapor 
pressure  of  the  molten  metal  compensates  for  the  high  electrical 
resistivity. 


VI.  RECOMMENDATIONS 


The  results  of  this  thesis  raise  many  questions  and  suggest  many 
areas  for  further  study.  Results  of  this  thesis  suggest  that  coarse 
microstructures  such  as  those  that  exist  in  annealled  stainless  and 
1030  steels  undergo  unipolar  arcing  easier  than  a  steel  of  martensitic 
microstructure  such  as  HY  130.  A  study  of  the  effect  of  steel  micro¬ 
structure  on  unipolar  arcing  is  recommended.  For  example,  the  effect 
of  microstructure  on  unipolar  arcing  could  be  studied  by  heat  treating 
a  hardenable  alloy  steel,  such  as  AISI  4140,  to  produce  various  micro- 
structures  varying  from  fine  unteapered  martensite  to  coarse  pearlite. 

Further  studies  on  the  effect  of  sandblasting  impeding  arc  initi¬ 
ation  appear  warranted.  The  sandblasted  surfaces  evaluated  proved  to 
provide  a  high  degree  of  resistance  to  ’unipolar  arcing,  and  showed 
less  laser  surface  interaction  damage  than  their  polished  counterparts. 
In  ordeu  to  separate  the  effects  of  surface  hardening  and  impregnation 
of  3i02  on  the  surface,  samples  could  be  "sand"  blasted  with  different 
particles  ranging  from  metallic  to  ceramic.  It  is  recommended  that 
experiments  be  conducted  to  determine  the  susceptability  of  insulating 
materials  to  unipolar  arcing,  and  to  determine  methods  of  coating  con¬ 
ductors  with  insulating  materials  that  will  not  be  damaged  by  thermal 
effects  and  that  are  resistant  to  'unipolar  arcing.  Sandblasting  appears 
to  provide  an  insulating  coat  of  3i02,  but  it  is  not  1Q0J  effective  as 
was  a  coating  a  conductor  with  titanium  carbide  was  shown  to  be  by 
Seville  and  Lautrup  [Ref.  19]. 
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Experiments  shoved  that  a  metallic  surface  that  has  undergone 
multiple  exposures  to  laser  radiation  and  a  laser  produced  plasma  vas 
more  resistant  to  unipolar  arcing  than  a  cleaned,  polished  surface.  It 
i3  recommended  that  experiments  be  carried  out  to  determine  the  exact 
nature  and  thickness  of  surface  layers  produced  on  steels  by  multiple 
laser  pulse  exposure.  It  is  also  recommended  that  stainless  steel  tar¬ 
gets  be  laser  glazed  commercially,  using  a  focused  3W  COg  laser  that  is 
scanned  across  the  target  surface,  and  then  determine  the  resulting 
surface's  resistance  to  unipolar  arcing.  It  is  felt  that  this  would  be 
the  best  way  to  produce  "smooth"  layers  of  metallic  glass,  if  indeed  a 
metallic  glass  is  produced,  over  a  target  surface  area  large  enough  for 
easy  evaluation  of  plasma-surface  interaction  effects. 

Finally,  it  is  recommended  that  experiments  be  devised  to  determine 
the  density  and  temperature  of  the  laser  produced  plasma  as  it  expands 
radially  over  the  target  surface.  This  would  aid  in  evaluating  a 
material's  3usceptability  to  unipolar  arcing  and  aid  in  determining  the 
plasma  density  and  temperature  required  for  unipolar  arc  initiation  in 


that  material 


appendix  a 

Composition  of  HI-130  Cast 

Steel 

Weight  Percentage 

Specified  Chemical 

Element 

of  Target  Samples 

Composition* 

Carbon 

0.12 

0.12  max. 

Manganese 

0.77 

0.60  -  0.90 

Phosphorus 

0.010 

0.010  max. 

Sulfur 

0.006 

0.008  max. 

Silicon 

0.045 

0.20  -  0.50 

Copper 

0.07 

0.25  max. 

Nickel 

5.25 

5.25  -  5.50 

Chromium 

0.57 

0.40  -  0.70 

Molybdenum 

0.52 

0.30  -  0.65 

Vanadium 

0.11 

0.05  -  0.10 

Titanium 

0.02 

0.02  max. 

Aluminum 

0.034 

0.015  -  0.035 

Nitrogen 

44.0  ppm 

Oxygen 

43.0  ppm 

35.0  ppm  max. 

Hydrogen 

5.5  ?pn 

2.0  ppm  max. 

*  Department  of  Navy  Mil  Spec  MI-30-C/1,  Dec.  1971. 
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